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Summary

According to the theory of strong interactions, Quantum Chromodynamics (QCD),
quarks are almost non-interacting at short distances and the interactions become
stronger as the distance increases between them. This leads to the confinement of
quarks within colorless objects (hadrons) containing either qqq (baryons) or quark-
antiquark (mesons). Lattice QCD calculations show that at high temperature and
high density, quarks and gluons behave qualitatively different from that at normal
nuclear matter. According to LQCD, at temperatures (T ~ 200 MeV) and/or
baryon density (~ 5 to 10 times normal nuclear matter density), the quarks and
gluons are no longer confined inside hadrons but are free to roam over distance
nuclear sizes; this new phase of matter is called Quark Gluon Plasma (QGP). The
necessary conditions for phase transition of normal nuclear matter to QGP can be

produced on earth by colliding two heavy nuclei at relativistic energies.

One of the primary goals of the heavy-ion experiments at Relativistic Heavy Ion
Collider (RHIC) at Brookhaven National Laboratory (BNL), New York was to
study the nuclear matter under extreme condition of temperature and density.
The RHIC accelerated heavy-ions up to 100 AGeV, and based upon results in the
first few years, RHIC later planned a Beam Energy Scan programme to accelerate
heavy-ions at various energies ( from 7.7 A GeV to 39 A GeV) to search for the
critical point of the QCD phase diagram. The analysis in this pursuit is still

continuing.

The present work is based on the data collected in one of the four experiments
that were commissioned at RHIC, the Solenoidal Tracker at RHIC, more popu-
larly known as the STAR experiment. Before discussing the data analysis and
results, the STAR detector and its subsystems have been discussed in Chapter 2.
In addition to various other measurements, the STAR experiment also probes the
phenomena of multiparticle production by investigating a possible scaling with
the number of participating nucleons or the number of nucleon-nucleon collisions
in a heavy-ion collision. The evolution of the system is probed by measuring the

coefficients of expansion in the azimuthally anisotropic distribution of the final



state particles. STAR has earlier reported results on observation of number of in-
clusive photons scaling with the number of participating nucleons and a centrality
independent limiting fragmentation behaviour in pseudorapidity density measure-
ments of photons. STAR has also reported results on elliptic flow measurements

of identified particles, primarily in the midrapidity region.

The totally indigenous preshower Photon Multiplicity Detector (PMD) was de-
signed to study the number and spatial distribution of inclusive photons produced
at forward rapidities in heavy ion collisions in the STAR experiment. In addition
to recording data at 62.4 and 200 A GeV, PMD took data during Beam Energy
Scan at RHIC in the year 2010 and 2011 for Au+Au collisions at 39, 27 and 19.6
GeV. In the present work, the scaling of multiplicity and the limiting fragmentation
is explored at the BES energies by measuring photons in the pseudorapidity region
-3.7 <n < —2.3 of the PMD. The results presented in this thesis are preliminary
results of STAR Collaboration.

The various procedures adopted for cleaning the raw data and for gain normal-
ization have been discussed in Chapter 3. The more than 40 K channel in the
PMD have varying response to the minimum ionising particles, requiring a proper
gain normalisation of all the channels. Detailed procedures have been evolved to
remove the malfunctioning channels and eventual normalisation to produce data
in the form that is amenable to analysis. The actual photon yield and the pseudo-
rapidity distributions are obtained from the raw measurements using corrections
due to detector acceptance as well as photon reconstruction efficiency and purity
of photon like sample. Detailed procedures for the same were carried out, and are
discussed in Chapter 3, along with the final results on rapidity distributions and

the systematic errors.

In Chapter 4, the photon multiplicity and rapidity density distributions for Au+Au
collisions at 39, 27 and 19.6 GeV have been compared with data from HIJING and
AMPT event generators. Earlier studies have shown that the number of photon
produced per average number of participating nucleon pairs increases with the
beam energy and is independent of the collision centrality. Earlier studies have
also shown that the photon pesudorapidity distributions normalized by average

number of participating nucleon pairs, plotted as a function of 7 — Ypeam, are found



to follow a longitudinal scaling which is independent of centrality, collision energy
and colliding ion species. At BES energies, the same investigation revealed that
the scaled multiplicity is observed to increase with decreasing centrality. The
cause for this excess is not currently not understood. The present work makes an
attempt to understand this using a model independent parametrisation, using two
free parameters which are determined from data. By using the same parametrised
form, the photon production per unit rapidity, scaled by the proposed factor as a

function of 7 —¥ypeam also shows longitudinal scaling even beyond the beam rapidity.

In Chapter 5, the results on elliptic and triangular flow have been obtained using
AMPT with string melting and default calculations. The primary purpose of
these calculations is to provide a reference for measurements of the beam energy
dependence of vy and v3. The study showed that the data on multiplicity, v
and vz at RHIC and at LHC could be explained by turning off initial and final
state radiation in HIJING (reducing the initial entropy) but keeping relatively
large cross-sections in the QGP phase. In Chapter 6, the results of elliptic flow
of photons using PMD for Au+Au collision at 39 GeV have been reported. The
pseudorapidity dependence of vy have been studied for different centralities. The
rapidity integrated v, results have been compared to the predictions from AMPT
(string melting) and found to be in satisfactory agreement, while incorporating

the systematic errors on wvs.

The thesis ends with conclusions and a short outlook for future.
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Chapter 1

Introduction

The behaviour of matter under extreme conditions is governed by its equation of
state. Equivalently, probing the matter in extreme conditions enables the deter-
mination of the equation of state. There is evidence of dense nuclear matter in
the core of neutron star with density many times the density of normal nuclear
matter [1]. The Big Bang Model of the creation of the Universe also assumes an
evolution that includes a phase of dense nuclear matter of unconfined quarks and
gluons. Thus, it is of interest to study nuclear matter under extreme conditions in
controlled experiments. Such experiments can be done by colliding nuclear mat-
ter, heavy-ions, at extremely high energies in laboratories [2]. Measuring the final
state particles and their distribution in the phase space can provide information
about the different evolutionary stages of the collision, including the possible for-
mation of dense nuclear matter. Quarks and gluons may be deconfined in this
dense state of matter, producing a new phase of matter called the Quark-Gluon

Plasma [3].

Earlier experiments on heavy-ion collisions were limited to exposing photographic
emulsions to cosmic rays, and measuring the final state particles [4]. With the
advent of technology to accelerate heavy ions at high energies, experiments could
be conducted under controlled conditions. A systematic study of heavy-ion colli-
sions started more than three decades ago. Such systematic study was conducted
in fixed target experiments by accelerating heavy-ions at the Alternating Gradient

Synchrotron at Brookhaven National Laboratory in New York [2, 5] and at the



Super Proton Synchrotron at the European Organisation for Nuclear Research in
Geneva [6]. A wealth of data and results were obtained in fixed target experiments
for collisions up to nucleon-nucleon centre of mass energies of about 19 GeV with

nuclei as large as Lead (Pb) [7, §|.

The Relativistic Heavy Ion Collider (RHIC) at Brookhaven National Laboratory
is the first heavy-ion collider, and has been in use since the year 2000 [9-11].
RHIC has provided nucleon-nucleon centre of mass energies of up to 200 GeV for
nuclei as large as Gold (Au). Two beams of Au nuclei accelerated to 100 GeV
per nucleon, are made to collide with each other, giving the total centre of mass
energy of 200 GeV per nucleon. During the collisions, the nuclei may compress,
pass through each other, create a violent collision converting the incident energy
into particles of mass, form dense nuclear matter, or a combination of all of the
above. Study of matter created in these collisions helps to understand the phase

diagram |12, 13].

1.1 The Phase Diagram of Hadronic Matter

Quarks and leptons are the basic building blocks of matter. The quarks carry a
colour charge, and their interactions with each other, and with the gluons, are
described by the currently accepted theory of strong interactions, Quantum Chro-
modynamics (QCD). Due to colour confinement, free quarks and gluons can not
be observed in nuclear matter under normal conditions. Lattice QCD predicts
that quarks will be deconfined and a new state of matter called Quark-Gluon

Plasma(QGP) will be created if the temperature is extremely high.

The QCD phase diagram is shown in Figure 1.1 [14|. The horizontal axis is
the net baryon density, which is closely related to the baryochemical potential
1. Baryochemical potential is the amount of energy needed to add an additional
baryon to the existing matter. Three different forms of nuclear matter are shown

in this diagram.

e normal nuclear matter at low temperatures and density.

e quark-gluon plasma at high temperatures ,
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FIGURE 1.1: The QCD phase diagram

e color superconductor at low temperatures and high baryon density (e.g. neu-

tron stars) [15].

Heavy-ion collisions lead to production of dense system which can reach energy
densities and temperatures high enough for a phase transition to occur [16-18|.
If up is relatively small and temperature is high, a cross over to deconfined quark-
gluon plasma phase is expected [19-21]. At higher up, the phase transition is
expected to be a first order transition. On the boundary of the hadronic and QGP
phase, there is expected a critical point [22-24] where the phase transition would
change from cross over to first order. However, due to the difficulty of lattice QCD
calculations at finite pup, accurate predictions of the location of critical point in

the phase diagram are still lacking.

The heavy-ion collisions at different colliding energies probe different regions of
the QCD phase diagram. The main interest in theory and in experiments in high
energy heavy-ion collision is to search for the QCD critical point and the effort
to locate the QCD phase boundary in the phase diagram. At present, the experi-

mental collaborations that are focusing on these exciting physics issues are STAR



(Solenoidal Tracker At RHIC) [12] and PHENIX (Pioneering High Energy Nuclear
Interaction experiment) |[25] at RHIC, and SHINE (SPS Heavy Ion and Neutrino
Experiment) at SPS (the Super Proton Synchrotron) at CERN in Switzerland
[26, 27]. The near future experiments which aim to search for a possible critical
point are CBM (Compressed Baryonic Matter) [28] at FAIR (Facility for Antipro-
ton and Ion Research) at Darmstadt in Germany, and NICA (Nuclotron-based Ion
Collider facility) at Dubna in Russia [29]. All these experiments cover different
regions of the phase diagram and hence complement each other. During the ini-
tial operation of the RHIC and at the Large Hadron Collider at CERN, the high
temperature region is probed. To see the nature of the transition, and obtain the
threshold conditions for the transition, it is important to study the collisions at
varying energies. To meet this goal, the RHIC studied the collisions at a scan of
beam energies from 39 A GeV to 7.7 A GeV, known as the Beam Energy Scan
(BES) program.

1.2 High Energy Heavy-Ion Collisions

When two heavy nuclei approach each other at ultra-relativistic energies, they
appear to be Lorentz contracted. The overlap region of the two nuclei depends
upon impact parameter. The nucleons in the overlap region are called participants

and those which are not participating are called spectators as shown in Figure 1.2.

SO%. participants

before collision after collision

FIGURE 1.2: Schematic diagram showing collision of two nuclei with non zero
impact parameter. The participants and the spectators are also shown.
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FIGURE 1.3: Space time diagram and different evolution stages of a relativistic
heavy-ion collision.

When the impact parameter is small, the overlap is large, the collision is called
a 'central’ collisions. When the impact parameter is large, the overlap is small,
the collision is called a ’'peripheral’ collision. For intermediate range of impact
parameters, these are generally termed as semi-central collisions. The number of

participating nucleons decreases as the impact parameter increases.

The dynamics of nucleus-nucleus collision can be viewed by space time diagram
[30] with the longitudinal coordinate z (marked as space) and the time coordinate
t as shown in Figure 1.3. The projectile and target nucleus both meet at z = 0 and
t = 0. At very high energy, when a collision occurs, the large amount of energy is
deposited in a small region of space for a short time, called the fireball. The energy
deposited can produce a large number of quarks and gluons which, at sufficiently
high temperature and particle density, can move freely over nuclear instead of
nucleonic volumes. The quarks and gluons can interact strongly and may lead to
a locally equilibrated state, quark gluon plasma,which is shown by the red band in
Figure 1.3. The matter expands under its own strong internal pressure and cools
down. When its temperature comes down to around 7. (critical temperature),
the phase transition from QGP to hadronic matter occurs (hadronization). When

the system cools further, below a certain temperature, there are no more elastic



or inelastic interactions. After this final freezeout, the particles stream through

freely to the detector.

1.3 Evolution of Heavy-Ion Collisions

The heavy ions being extended objects, the geometry plays an important role in
the evolution dynamics of the collision. Different stages of the collision can be
probed using different measurements. The results of measurements reflect the ini-
tial geometry of the collision. The entire evolution of the collision can be described
by an initial state governed by geometry, an expansion of matter depending upon

its equation of state and the subsequent interactions, and the freezeout.

1.3.1 Initial Geometry and Characterisation

When two nuclei collide, the overlap region is decided by the impact parameter of
the collision. The number of participating nucleons, Ny, in the collision affect
the total energy deposited in the overlap region, and hence also the total number
of particles produced. The measurement of the number of particles produced, to
the first order, is a good estimate of the impact parameter of the collision, and of

the energy density obtained in the system.

Various model calculations describe that with increasing collision energy, the pro-
duced particle multiplicity also increases. Measurments by PHENIX experiment at
Vsnny = 130 GeV, reveal that collisions at RHIC generates ~0.8 GeV of transverse
energy per produced charge particle near midrapidity and independent of collision
centrality. Under certain assumptions, suggested by Bjorken, the estimate of the

initial spatial energy density [30] of the bulk matter is given by :

dEr 1
= —— 1.1
“Bj dy TomR? (1.1)




where 7y is the formation time and R is the initial radius of the expanding system.
With reasonable estimates for these parameter values (1o ~ 1fm/c, R ~ 1.2A'3),
the energy density in Au+Au collisions at RHIC is ~ 5 GeV/fm?, which is well
above the critical energy density ~ 1 GeV/fm? expected from LQCD for the
transition to the QGP phase.

The number of participating nucleons can be estimated on an average in a Glauber
model approach [31]. Assuming a uniform density of the nuclei, the number of
protons and neutrons can be estimated within a certain overlap region by using
the nuclear thickness function. However, this approach provides only the mean
number of participating nucleons. The distribution of the number of participat-
ing nucleons and the total (identified) particle multiplicity show a very similar
characteristic behaviour, indicating a possible correspondence between multiplic-
ity and impact parameter in minimum bias collisions. While the above may be
correct on an average, fluctuations in particle production processes, and in the
number of participating nucleons at a given impact parameter, inhibit a unique

correspondence between the measured multiplicity and the impact parameter.

As a first approximation, it is tempting to consider nuclear collsions to be a super-
position of nucleon nucleon collisions. Considering that there are two participants
in a pp collision, it is interesting to study the multiplicity in a nucleus - nucleus col-
lision, scaled by the number of participants, or scaled by the number of collisions.
If the observed multiplicity demonstrates scaling with the number of participants,
then the dominant process for particle production is ’soft’, where the momentum
transfer is small. However, if the multiplicity is seen to scale with the number of
collisions, then the dominant process for particle production is ’hard’, where the
momentum transfer is large. Multiplicities and rapidity densities are characterised
by estimates of Ny, and N.,;. The initial shape of the colliding zone is decided
by the positions of the nucleons. Both multiplicity and the initial shape are closely

related to the expansion and subsequent freezeout of the nuclear matter.

PHOBOS experiment searched for a possible scaling of pseudorapidity density
with Npe-t over a large pseudorapidity window [32]. The centrality dependence of
charged particle density from PHOBOS experiment is shown in Figure 1.4. Panel
(a) of Figure 1.4 shows the total charge particle multiplicity measured within the
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FIGURE 1.4: PHOBOS result on centrality dependence of dN., /dn for different
eta ranges in Au+Au collisions at /sy = 200 GeV  [32].

range |n| < 5.4 for Au+Au collision a /syny = 200 GeV. Panel (b)-(f) shows
the < Npu+ > dependence of dN,,/dn per participant nucleon pair, plotted for
five different eta bins. In all figures, PHOBOS has also shown predictions from
an event generator HIJING as a solid line. Considering that the data shows
behaviour that changes with the n region, the dependence on N, is not the
same everywhere. Further studies have attempted to explain the pseudorapidity
density by considering a contribution that depends upon N4+ and another that

depends on N,y.

Even in the case of symmetric nuclei, the overlap region is asymmetric because
of density fluctuations inside nuclei. Many event generators that use the Glauber
approach, generate positions of the nucleons in the nuclei using Monte Carlo meth-
ods, and assume a straight line trajectory for the nucleons. When two nucleons
from different nuclei approach a distance less than the corresponding radius of a

geometrical cross section of interaction, then the nucleons are considered to be



interacting, or participating. Such a simulation of nuclear positions and their ap-
proach towards each other is considered as one event in simulated data. Different
event generators model the dynamics of collisions differently. By simulating a large
number of events, the event generators can provide a distribution of the number of
participants in a given impact parameter range. For each event, the information
on the number of nucleons participating N, and the number of nucleon-nucleon
collisions N,,; can be recorded. The same Monte Carlo event generators can pro-
vide an event-by-event position (spatial) map of the nucleons in the overlap region.
The fluctuations in the number of nucleons, and in their positions, both contribute

to the final state observables as will be discussed in the next section(s).

Further, features of particle production at different rapidities in collision of dif-
ferent beam energies may demonstrate the phenomena of 'limiting fragmentation’

[33], and will be discussed in the next section(s).

1.3.2 Expansion of Matter and Freezeout

After the initial collision, the large energy deposited in the fireball materialises in
thousands of partons interacting strongly. These interactions may lead to a ther-
mal equilibrium. The expansion can be modeled using hydrodynamical evolution
[34-36]. Any solution of hydrodynamical evolution requires an equation of state
of the system, which along with the initial conditions, define the starting point
of the system. Due to high parton density, the mean free path A\ between the
interactions is much smaller than the size of the fireball. This allows to assume

that the system is in local thermodynamic equilibrium.

In addition to the radial flow of matter during the expansion, there is also an
anisotropic flow caused due to the azimuthally anisotropic collision zone. The
spatial anisotropy causes different pressure gradients in the direction along the
impact parameter and perpendicular to it. Re-scattering processes amongst the
produced particles transform this spatial deformation into momentum space with
more matter flowing out along the reaction plane ( i.e. in the plane defined by
impact parameter and beam direction) than perpendicular to it. This causes

the azimuthal distribution of particles to be anisotropic and correlated with the
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reaction plane. This is termed as anisotropic flow [37-39]. As more particles push
out along the event plane, the initial asymmetry of the fireball vanishes. This is
called the self-quenching behaviour of flow. The anisotropic flow predominantly
develops in the intitial stages, can be measured in the final state particles, and
serves as a probe to study the initial stages of expansion in the evolution of heavy-

ion collision.

Once the system expands, the hydrodynamic fluid is transformed to particles, a
process modeled by the Cooper-Frye freezeout mechanism. These particles con-
tinue to interact inelastically until they cool down such that inelastic collisions
do not occur. At this point, the hadron composition of the matter is frozen, the
relative ratio of different hadron species are fixed, and this is referred to as the
chemical freezeout. Subsequently, the particles continue to interact elastically un-
til kinetic freezeout, beyond which the particles stream away freely. Since the
particle ratios are fixed at the chemical freezeout, the measurement of their yields

can provide information about the system during this stage [9].
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F1GURE 1.5: STAR results on ratios of pr integrated mid-rapidity yields for
different hadron species for central Au+Au collisions at \/syny = 200 GeV. The
horizontal bars represent statistical model fits to the measured yield ratios. The

fit parameters are T, = 163 + 4 MeV, up = 24 + 4 MeV, ~; = 0.99 + 0.07.
The variation of s with centrality is shown in the inset [9].
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At chemical freezeout, the measured ratio can be used to constrain the system
temperature and the baryonic chemical potential pp. The statistical model as-
sumes that the system is in chemical and thermal equilibrium [40]. A comparison
of the experimental pr integrated hadron yield ratios measured by STAR experi-
ment for central Au-+Au collisions, with statistical model fits is given in Figure 1.5.
The good fit obtained in describing the ratios by model calculations indicates that
the light flavors have reached chemical equilibrium for central and semi-central

collisions at temperature T, = 163.5 MeV [9].

Statistical model is able to explain the ratios of a large number of particle species
using few parameters like baryon chemical potential, chemical freezeout temper-
ature, and strangeness chemical potential. The strange particle ratios do not fit
well, suggesting that these might freezeout at a different temperature. By in-
cluding an additional factor, termed as the strangeness suppression factor v, the
statistical model is able to fit the strange particle ratios also. The variation of
~vs with centrality is shown in Figure 1.5. The value of ~, reaches ~ 1 for most

central collisions.
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FIGURE 1.6: STAR results on the x? contours for temperature T, and radial

flow velocity fr extracted from thermal and radial flow fits for hadrons produced

in Au+Au collisions at 200 GeV. The centrality selection are indicated on the
top of the plot [9].
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Particles which are formed as a result of chemical freezeout, interact with each
other and their space time evolution is modeled using hydrodynamics. The char-
acteristics of the system at kinetic freezeout can be explored by studying the
transverse momentum distributions for various hadron species [9]. The transverse
momentum distribution of hadrons reflects the later conditions in the evolution as
well as the integrated effect of expansion from the beginning of the collision. The
result on spectra have shown that the details of the spectra are a combined effect
of collective radial flow and a thermalised system yielding a temperature termed
as the kinetic freezeout temperature 7',. For each event centrality, the spectra of
w, K, p were fit to a blast wave model using a single value of radial flow velocity
<Br> and temperature Ty,, as can be seen in Figure 1.6 for Au+Au collisions
at 200 GeV. It has been observed that the bulk of the system which consists of
kaons, pions and protons become cooler at kinetic freezeout and develop a stronger

collective flow.

1.4 Experimental Observables to Study Heavy-Ion

Collisions

Systematic experimental studies and theoretical advances have provided a large
number of experimental observables to discern the mechanism of heavy-ion colli-
sions. Depending upon the various stages of collisions and evolution process, these
signatures reveal insights about the collision processes and its different stages. The
signals which are produced in the first stages of the collision are known as hard
probes. There is a high momentum transfer between the colliding partons. This
includes the signatures such as jet quenching and nuclear modification factor, di-
rect photons and dileptons. The signals which are produced in the later stage of
the collision are known as soft probes. These signals are affected primarily by the
hadronization stage and may contain information about the properties of phase
transition and the QGP. Results on particle multiplicities and their rapidity distri-
butions provide information about particle production mechanism through scaling
and limiting fragmentation. Initial state anisotropies determine the measurements

of flow. Participant scaling and limiting fragmentation, and azimuthal anisotropy
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are the two topics that are addressed in the present thesis using measurements of
photons in the completely indigenous Photon Multiplicity Detector (PMD), and
using data from event generators. These are discussed in greater detail in the
following sub-sections. Some observables due to hard probes are also mentioned

briefly.

1.4.1 Participant Scaling and Limiting Fragmentation

If the particle multiplicity scales with < N4 >, it shows that the particle pro-
duction is due to soft processes whereas the scaling with < N,,; > indicates that
the particle production is due to hard processes. The results of PHENIX exper-
iment showed that the charged particle production scales with a combination of
< Npart > and < Ny > at mid-rapidity, which indicates a significant contribu-
tion of hard processes in the particle production as shown in Figure 1.7 [41]. The
data is fitted by a function dN.,/dn = A X Npg + B X Neoy and the details of

obtaining the values of Ny, and N, can be seen in [41] .
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m UA5 B=0.34 70.12

0 PN T T T T T T T I O T T T N Y A B A

—
|II|III||IIII||III

0 50 100 150 200 250 300 350 N400
p

FicURE 1.7: PHENIX results on charged-particle pseudorapidity density per
participant pair vs. the number of participants. Predictions from model cal-
culations are also shown. The shaded area represents the systematic errors on

dNcp/dn and N,. [41]
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FIGURE 1.8: STAR results on the number of photons divided by < Npgr/2 > as

a function of average number of participating nucleons for Au+Au and Cu+Cu

at /syn = 200 and 62.4 GeV. Results from HIJING are shown by solid line for
Au+Au and dashed line for Cu+Cu |42, 43].
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Figure 1.8 shows the variation of photon multiplicity per average number of partic-
ipating nucleon pairs with < N4+ > for Au+Au and Cu+Cu at 200 and 62.4 GeV
within eta range -3.7 < n < -2.3 [42, 43|. Results from HIJING [44] are shown
by solid line for Au+Au and dashed line for Cu+Cu collisions in the same figure.
The photon multiplicity is seen to scale with < N4+ > at forward rapidity, which

indicates that the photon production at forward rapidity is due to soft processes.

In relativistic heavy-ion collisions, large number of particles are produced. One
convenient way to describe heavy-ion collisions is by measuring particle density in
rapidity or pseudorapidity. The particle multiplicity contain information about the
entropy of the system and the gluon density in the heavy-ion collisions. Photon
pseudorapidity distribution are measured for Au+Au and Cu+Cu collisions at
VSnyn = 200 and 62.4 GeV |42, 43] for all centrality bins and are shown in
Figure 1.9. The photon multiplicity is found to increase from peripheral to central

collisions. The result have been compared to those obtained from HIJING event
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FIGURE 1.9: STAR results on photon pseudorapidity distributions for Au+Au

and Cu+Cu at /syy = 62.4 and 200 GeV. The solid lines are result from

HIJING for central (0-5% for Au+Au and 0-10% for Cu+Cu) and 30-40% mid
central collisions [42, 43].

generator for central (0-5% for Au+Au and 0-10% for Cu+Cu) and 30-40% mid-
central collisions are also shown in the Figure 1.9 (solid curves). For both beam
energies and colliding ion species the HIJING results are in reasonable agreement

with the data.

With increase in the center of mass energy the rapidity distribution of all parti-
cles is expected and observed to become broader due to kinematics. To observe
more interesting physics at forward rapidity, it was proposed that the rapidity
distribution should be observed in the frame of reference of one of beam nuclei.
This can be checked by shifting the distribution by beam rapidity and study it
as a function of 1 — Ypeam. Model predictions suggest that with increasing energy
the rapidity distributions would reach a limiting value beyond which they will not
grow any further. This behaviour is also called longitudinal scaling. This has been
observed in a number of different experiments for different particle species and the

physics phenomenon which is causing this is still being explored. In order to study
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limiting fragmentation in different colliding systems, the rapidity distribution is
scaled with the number of participant pairs. Normalizing with the number of par-
ticipant pairs also allows us to study limiting fragmentation as a function of event

centrality.

5 B I I I I | I I I I | I 1 | I I I I_

:_':: - ™ Au+Au 10-20% O Cu+Cu 10-20% .
T - ® Au+Au 20-30% © Cu+Cu 20-30°% y
g4 ]
=z N ]
~ - .
o) 3 N ]
o I ]
S - —
= 2f :
O N ]
— B -
=~ 1F it .
e [ T ]
O = i 62 4 GEV —po —aif— 200 GeV—un- .
i | 1 | | | 1 | | | 1 1 | | | I-

o
o

1_ 2 3
n-ybeam

FIGURE 1.10: STAR results on photon pseudorapidity distributions normalized

by the average number of participating nucleon pairs for different collision cen-

tralities are plotted as a function of pseudorapidity shifted by the beam rapidity

for Au+Au and Cu+Cu collisions at /syy = 62.4 and 200 GeV. The solid line
is a second order polynomial fit to the data [42, 43].

Charged particles exhibit energy independent limiting fragmentation behaviour.
This has been observed in central Au+Au collisions in BRAHMS [45, 46] and
PHOBOS experiments [32, 47]. BRAHMS experiment reported that the longitu-
dinal scaling is also independent of collision centrality, while PHOBOS observed
a centrality dependent limiting fragmentation behaviour. When photon pseudo-
rapidity density normalized by < Npu.¢/2 > are plotted as a function of 7 — Ypeam
for Au+Au and Cu+Cu collision at /syy = 200 and 62.4 GeV and show longi-
tudinal scaling, independent of beam energy and collision centrality as shown in

Figure 1.10. The solid line is a second order polynomial fit to the data. It was
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also shown that the longitudinal scaling for produced photons is independent of

colliding ion species.

These features of photon production are to be investigated at other energies, results

of which will facilitate the complete understanding of the nuclear equation of state.

1.4.2 Azimuthal Anisotropy and Fluctuations

When two heavy nuclei collide the reaction volume is azimuthally asymmetric.
Strong interaction in this volume convert this initial spatial anisotropy to momen-
tum anisotropy as shown in Figure 1.11. As a result the distributions of particle
in the azimuthal plane become anisotropic [37-39]. The anisotropy of the particle

yield can be characterized by a Fourier expansion [48, 49|

dN
m x=1+ 2;vncos[n(¢ — Ugr)] (1.2)

where ¢ is the azimuthal angle of the particle, ¥ is the reaction plane angle,
where the reaction plane is the plane containing the impact parameter direction

and the beam direction, v,,’s are the n Fourier coefficients.

Measurement of the Fourier coefficients v,, for different hadrons provides infor-
mation on the phase present in the initial stages of evolution of the collision and
degree of thermalisation. These coefficients can be determined using different
techniques, few of which are dicussed in Chapter 5. The first few coefficients are
vy the directed flow, v, the elliptic and v3 the triangular flow. Figure 1.12 gives
the geometric representation of the origin of these three coefficients for a realistic

positions of the nucleons.

Some of the important features of the observed elliptic flow at higher energy are:

(i) ve values measured for each centrality were observed to be large at RHIC

energies and were found to be scale with the geometric eccentricity of the
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FIGURE 1.11: Schematic diagram showing event anisotropy in spatial and mo-

(iii)

mentum space with respect to reaction plane

overlap volume. This established that vy is arising from the initial anisotropic

conditions.

vg as a function of transverse momentum (pr) for various particle species
for pr < 1.0 GeV/c showed mass ordering in Figure 1.13. At a given pr,the
hadron with higher mass has a lower value of vy. This observation an be

understood using hydrodynamical models [50].

For pr > 2.0 GeV /c the v, values for all hadrons saturated, with mesons and
baryons showing a clear split and saturating at different values as shown
in Figure 1.14. This suggested a number of constituent quark (n,) scaling
(NCQ scaling) i.e when vy /n, was studied as a function of py/n, all particles
species showed exactly the same trend as shown in Figure 1.15. This is
interpreted as a possibility that during the initial stages of evolution, when
flow was developing, the system showed partonic degrees of freedom. During
hadronization, three quarks coalesce to form baryons and a quark and anti-

quark form a meson [50].
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(b)

FIGURE 1.12: Schematic diagram showing (a) Directed flow negative (left )
and positive (right) (b) geometric representation of elliptic flow (left) and for
triangular flow (right).

It is expected that at lower energies, the NC(Q scaling would disappear if the
matter does not pass through the partonic phase. This was also observed by
STAR Collaboration which studied elliptic flow of charged particles as well as
identified particles at all the BES energies [51-53|. At the BES energies, v, of the
particle and antiparticle were systematically studied and were found to be different,
indicating a breakdown of NCQ scaling, providing a possibility of determining the

threshold for production of the partonic medium.
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1.4.3 Jet Quenching and Nuclear Modification Factor

In a heavy-ion colllision, hard scattering between two incoming partons can create

a pair of energetic high pr fast partons which move back to back in the centre of
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momentum (CM) Frame. Fragmentation of these partons leads to production of
hadrons which are observed as a "jet" around the position of the initial parton. If
a parton pair is produced in an AA collision, it is likely that one of the resulting
jets passes through the dense medium formed in the interaction. If the medium
making up the fireball is QGP the initially produced parton undergoes multiple
interactions with the medium and looses its energy in the process. This partial
or complete "disappearance" of jet is called as "jet quenching" [54, 55|. The
degree of quenching of jet , therefore provides information on the properties of
the medium and its interactions. Jet quenching has been studied extensively by
RHIC experiments [56, 57]. To estimate the effect of medium on observables,
the results are compared with corresponding results in pp collisions. The ratio of
the two, normalised to the number of collisions in A+A, is termed as the nuclear
modification factor R44. For cold nuclear matter, R4, is expected to yield a value

of 1. Smaller than 1 values of R 44 indicate the effect of medium on the observable.
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It is now standard practice to estimate the medium effects using this method for

all observables, including those mentioned in the following.

1.4.4 Strangeness Enhancement

The colliding nuclei are normal nuclear matter, and consist of protons and neutrons
which in turn are made of up and down quarks. Strange quarks are only produced
in the collision of partons. While ss5 pairs can be formed by collision of quarks
(up and down) the dominant mode of production is through gluon gluon collisions
(gg->>s5) which are present if the Quark-Gluon Plasma is formed [58|. This makes
the abundance of strange quarks sensitive to the state of matter formed during
the collision. Formation of a large number of ssbar pairs leads to a larger number
of strange and multistrange hadrons. Strangeness enhancement is experimentally
measured by comparing the yield in AA collisions per participant pair to the yield
in pp collisions. Enhancement factors of 2-3 as compared to pp collisions have been
reported in AuAu collisions at 200 GeV by STAR experiment. The enhancement
is even larger 5-7 for multi-strange particles in central CuCu and AuAu collisions

at200 GeV [59].

1.4.5 J/VU Suppression

J/W is a bound state of charm and anticharm quark [60]. Like ss, c¢ are also
produced during a heavy-ion collision by gg->cé. Interactions of J/W with other
hadrons during AA collision can cause them to breakup, leading to "normal"
supression of their yield to a small extent. In a high density environment of QGP,
the ¢ and cbar are Debye screened from each other due to presence of other color
charges. This is similar to screening of two charged particles in a di-electric medium
due to polarization of the medium. As a result even though a large number of
hadrons with single charm ( or anticharm) are produced, the production of J/W¥
is suppressed and is termed as anomalous suppression. Features of anomalous
suppression observed at SPS energies [61, 62] could not be explained by hadronic

models. Anomalous suppression has also been confirmed at RHIC energies [62].
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1.4.6 Fluctuations and Critical Phenomena

When a system approaches a critical point of continuous phase transformation the
correlation length ¢ diverges and microscopic details become irrelevant [22-24].
Such critical states of matter are highly correlated, and particularly sensitive to

external perturbation.
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values for So and Ko?/Skellam are unity. The error bars are sta- tistical and
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Any external perturbation is likely to cause large fluctuations. Experiments mea-
sure multiplicities N, and N, event by event. These quantities fluctuate event by

event and their distribution is Gaussian. The fluctuations conform to a Gaussian
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distribution. At critical point the fluctuations deviate from those expected from
a Gaussian distribution. The correlation length is seen to affect the moments of
the fluctuations, the second moment < (§N)? >~ ¢2. The higher moments have
an even stronger dependence on £. Therefore study of the higher moments for
various conserved quantities as a function energy of collision is a sensitive probe
for locating the critical point on Hadron-QGP Phase transformation boundary.
Experimentally, instead of moments of distributions of conserved quantities, it is

2 and So, since the effects due to finite

easier to study ratios of the moments ko
volume cancel out. One of the main goals of RHIC BES program was to search
for the critical point. STAR experiment has studied the higher moments of net
proton distributions [63] for a range of center of mass energy from 7.7 to 200 A
GeV as shown in Figure 1.16. The measurements are carried out at mid-rapidity
for various event centrality. The experimental observations are not reproduced by
models that do not include a critical point in the phase diagram. More studies

with higher statistics are underway for understanding the results. Fluctuations in

net charge and net strangeness distributions are also being studied.

1.5 Beam Energy Scan (BES) at RHIC

The main goal of the beam energy scan at RHIC is to :

(i) To locate the existence of the critical point in the QCD phase diagram

(ii) To search of the evidence of the first order phase transition in the QCD

phase diagram

(iii) To understand the properties of QGP

The BES phase-one recorded data successfully in 2010 (Run10) and in 2011 (Run11).
STAR took data for Au+Au collision at /syy = 7.7, 11.5 and 39 GeV in year
2010 and at /syy = 19.6 and 27 GeV in year 2011. For these energies, the corre-
sponding pp coverage is estimated from 112 to 410 MeV. This program provides
a suitable access to most interesting region in QCD phase diagram to understand
the bulk properties of the QGP. The measurements and the analyses in the present

thesis correspond to data recorded as a part of the BES programme.
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1.6 Organization of the Thesis

The work presented in the thesis deals with results of investigation of scaling and
limiting fragmentation in photons in forward rapidity region in the BES energies.
The thesis also investigates the ability of AMPT event generator to explain the
published results on vy and wvs of charged particles from BES energies to the ener-
gies at the Large Hadron Collider (2.76 A TeV). The elliptic flow, v,, of photons
has been measured at 39 A GeV and compared with AMPT predictions. To meet
this aim, the data at BES energies from the Photon Multiplicity Detector in the
STAR experiment is used. The results presented in this thesis are preliminary

results of STAR Collaboration.

Chapter 2 contains a brief overview of the STAR detector and its subsystems which
are connected with the analyses in the present work, and provides some details of
working of PMD. Chapter 2 also contains the details of centrality selection for the
various energies, as adopted by STAR, and the parameters characterising the cen-
trality (Npar¢). In Chapter 3, the details of raw data, identification of bad channels
and gain nornalization process has been provided. To correct the measured val-
ues of photon yield for efficiency and purity, simulations have been performed for
different centralities, rapidity windows and the correction factors obtained for dif-
ferent occupancies in the detector. The procedure has been systematically shown
in this chapter. The chapter also includes results on photon rapidity density dis-
tributions in Au-+Au collisions at 39, 27 and 19.6 A GeV. Detailed estimates of
systematic errors on rapidity densities are also included in this chapter. In Chap-
ter 4, the results on photon multiplicity and rapidity density distributions for the
three energies are compared with event generators, and the data investigated for
possible scaling and limiting fragementation. Possible explanation for the observed
deviation from limiting fragmentation at lower energies have been discussed, along
with comparison with published data at higher energies. A new parametrisation
for different contributions to the total yield of photons has been proposed, which
describes the data at five energies using two free parameters. Chapter 5 deals with
the results of AMPT model to describe the vy and vs of charged particles for a
wide range of energies. The model parameters were tuned to reproduce multiplic-

ity and the details are discussed here. In Chapter 6, the results on photon flow for



26

Au+Au collisions at 39 GeV are presented, along with comparison with AMPT
data. The thesis ends with the conclusions in Chapter 7.



Chapter 2

The Experimental Facilities

The Relativistic Heavy lon Collider (RHIC) complex at Brookhaven National Lab-
oratory is a world-class scientific research facility designed to accelerate and collide
the heavy-ion beams at relativistic speed to form and explore the matter which
possibly existed in the early universe [64]. RHIC ring is 3.8 km in circumference
and is at the ground level. The RHIC can accelerate a variety of heavy ions up
to 100 A GeV and can also accelerate polarized protons up to 250 GeV. The aim
of accelerating heavy ions is to conduct experiments to look for a new state of
matter, the Quark-Gluon Plasma. The aim of polarized proton proton collisions

is to study the spin structure of the nucleon.

The RHIC complex was designed to produce, accelerate and store the heavy-ion
beams [65]. A schematic drawing of this complex is shown in Figure 2.1. It is
composed of several accelerator facilities chained together to provide beams which
are collided in detectors located around the RHIC ring. Before reaching RHIC, the
particle accelerated at RHIC passes through several intermediate stages. Heavy
ions are first accelerated to 1 MeV per nucleon in Tandem Van de Graff (shown
by yellow color in Figure 2.1). Synchrotron further accelerates these partially
stripped ions to 95 MeV per nucleon (shown by cyan color in Figure 2.1) which
injects them into Alternating Gradient Synchrotron (AGS) (shown by bright green
color in Figure 2.1), where the ions are stripped of the rest of their electrons and
accelerated upto 8.9 GeV per nucleon and are then injected into RHIC at nearly 6

o’clock position on the Intersecting Storage Ring into two counter rotating rings.

27
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FIGURE 2.1: A picture of the Relativistic Heavy Ion Collider (RHIC) accelerator
complex at Brookhaven National Laboratory.

The bunches of ions are accelerated to a maximum energy of 100 GeV /nucleon
after the ions are injected to the two counter-rotating rings of RHIC. Clock-wise
rotating beam is referred to as the blue ring and the ring with the anti-clock-wise

rotating beam is referred to as the yellow ring.

Out of the six collision points, STAR [66] is at 6:00 o’clock, PHENIX [67] is at
8:00 o’clock, and PHOBOS [68] is at 10:00 o’clock position, respectively. Of these,
PHOBOS have completed their operation while STAR and PHENIX are still active

and will continue taking data in the coming years.

2.1 STAR Detector System

The Solenoidal Tracker at RHIC (STAR) is one of the major detector systems at
RHIC [66]. The main motivation to build the STAR detector was to investigate
the behavior of strongly interacting matter at high energy density through the

simultaneous measurement of multiple observables. In order to achieve these goals,
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STAR was constructed to measure hadron and photon production over a large

acceptance. A schematic side view of the STAR detector is shown in Figure 2.2 .

MRPC ToF Barrel

EMC End Cap

ZDC

PMD

Cow] —

FIGURE 2.2: A schematic side view of STAR experiment.

The Solenoidal Tracker at RHIC (STAR) [66] is made of several sub-detectors,
each specializing in detecting different types of particles or characterizing their
motion. The main detector subsystems are: Time Projection Chamber (TPC)
[69], Forward Time Projection Chamber (FTPC) [70], Time of Flight (TOF) [71],
Photon Multiplicity Detector [72] (PMD), Barrel Electro-Magnetic Calorimeter
(BEMC) 73|, Endcap Electro-Magnetic Calorimeter (EEMC) [74], Beam-Beam
Counters (BBC) [75] and Zero Degree Calorimeter (ZDC) [76]. The STAR magnet
shown in the Figure 2.2 (in blue color) generates a field of ~ 0.5 Gauss over a large
volume that houses most of the detectors of STAR. The magnet bends the charge
particles, measuring the curvature of the tracks leads to the determination of

transverse momentum of these particles.

When bunches of accelerated ions cross each other at the center of the STAR

experiment, some of the ions collide with each other. It would be ideal to have one
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collision per bunch crossing. The actual number of collisions in each bunch crossing
depends on the bunch size, the spread, and the cross section. Each AA collision
results in prouction of a number of particles, both charged and neutral which are
detected by the various detectors of STAR. To recognise and choose the collisions
of interest, STAR has a number of trigger detectors ZDC, BBC, BEMC, EEMC.
On instructions from the trigger detectors, the other detectors save the information
of the collision. The collision vertex is determined using TPC. TPC and TOF give
information of the charge particles produced in the collision at midrapidity while
FTPC measures the charged particles at forward rapidity. BEMC and EEMC
measure the energy of the particles which are interacting through electromagnetic
interaction. PMD is a photon mulitplicity detector which measures the multiplicity
of photons at forward rapidity. The pseudorapidity range of the PMD overlaps
with that of FTPC which facilitates study of charge to neutral fluctuations.

In this chapter, we will briefly mention the trigger detectors, and the detectors
which have been used in the analysis in the present work. The analysis presented
in the thesis is based on the data collected using PMD, which is described in detail
at the end of this chapter.

2.2 Trigger Detectors

In STAR, some of the slow detector subsystems like TPC, FTPC, TOF, etc., can
only operate at rates of ~100 Hz. The interaction rates at RHIC for the highest
luminosity beams can even approach ~10 MHz. This requires the fast detectors
to provide a means to choose events of interest. STAR detector consists of some
fast detectors, which are employed to provide trigger for the slow detectors in
order to record the data. The main triggering detectors for STAR are: Zero
Degree Calorimeter (ZDC), Beam Beam Counter (BBC), and Electro Magnetic
Calorimeters (BEMC and EEMC) [75].
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2.2.1 Zero Degree Calorimeter

To provide some universal characterization of heavy-ion collisions, all four exper-
iments at RHIC use a pair of Zero Degree Calorimeter (ZDC) as a common tool
for monitoring interactions at each interaction point. The STAR ZDCs are hadron
calorimeters used for detecting primarily neutrons |[76]. The ZDCs are located

+18 m away, on either side of the interaction point.
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FIGURE 2.3: Schematic layout of the ZDC detector module [76].

Each ZDC consists of three modules made from alternating layers of tungsten
absorber and Cerenkov fiber ribbons placed at an angle 45 degree relative to
the incident beam as shown in Figure 2.3. In an AA interaction, the spectator

fragments of the colliding ions move practically along the same path as the original
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beam. Magnets bend all the charged fragments as well as the non interacting ions

away from ZDC. The neutral particles, mostly neutrons, reach the ZDC.

In order to study the spatial distribution of the neutron hits on the transverse
plane of the ZDCs, a Shower Maximun Detector (SMD) was installed between the
first and second ZDC module. The ZDCs are also used to locate the interaction
vertex by using the time delay between the coincidences. This information helps
in determining the centrality of the event. In effect, ZDCs are very useful for the

beam monitoring, triggering, and locating interaction vertices.

2.2.2 Beam-Beam Counter

FIGURE 2.4: Schematic layout of the BBC detector tiles [75].

The Beam-Beam Counters (BBCs) are mounted around beam pipe beyond the
east and west pole-tip of the STAR magnet at about 3.7 m from the interaction
point [75]. Each BBC consists of 2 sets of 18 small and 18 large, 1 cm thick,
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hexagonal plastic scintillator tiles. Being a scintillator detector, the response is
very fast which makes it useful for providing the necessary triggers. It covers
pseudorapidity region of 3.4 < |n| < 5.0. The small tiles make up an outer radius
of 48 cm while the larger tiles make up an outer radius of 193 c¢cm as shown in
Figure 2.4. Each scintillator tile has four wavelength shifting (WLS) optical fibers
inserted into circular groves inscribed within the hexagonal scintillator to collect
scintillation light. The primary vertex can be determined from the measured time
difference between the two BBC detector signals in a beam-collision event and

known locations of the detector planes.

2.2.3 Electromagnetic Calorimeters (EMC)

The EMC is utilized to trigger on and study rare, high py processes like jets, lead-
ing hadrons, direct photons and heavy quarks. Other applications include general
event characterization in heavy-ion collisions including ultra peripheral collisions.
In order to achieve these physics goals STAR has installed two electromagnetic

calorimeters which are briefly discussed below.

2.2.3.1 Barrel Electromagnetic Calorimeters

The Barrel Electromagnetic Calorimeter (BEMC) is a projective lead scintillator
calorimeter positioned inside the aluminium coil of the STAR solenoid [73]. It mea-
sures the electromagnetic energy deposits associated with jets, leading hadrons,
direct photons, and electrons produced in large pT processes. It covers the pseu-
dorapidity region |n| < 1 with full azimuthal angle. This is shown schematically

in Figure 2.5.

It is 586 c¢m long with an inner and outer radius of 223 cm and 263 cm. It has
20 layers of lead plates and 21 layers of scintillator. The BEMC consists of 120
calorimeter modules, each covering 6° (~0.1 radian) in A¢ and 1.0 unit in An.
Each module is further segmented into 40 towers, 2 in ¢ and 20 in 7, with each
tower having a granularity of 0.05 in both A¢ and An. Each of the module consists

of a lead scintillator stack and a set of Shower MaximumDetector (SMD), situated
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FIGURE 2.5: (Left side) X-Y view of STAR Barrel electromagnetic calorimeter
(Right side) Y-Z view of STAR Barrel electromagnetic calorimeter |73].

approximately 5.6 radiation length (Xj) away from the front of the stack. The

SMD is used to provide fine spatial resolution in a calorimeter.

2.2.3.2 Endcap Electromagnetic Calorimeters

The Endcap Electro-magnetic Calorimeter (EEMC) is positioned at the west pole-
tip of the STAR detector [74]. It covers the pseudorapidity region 1 < n < 2
with full azimuthal range, supporting the barrel EMC (BEMC). This is shown

schematically in Figure 2.6.

The construction of EEMC includes a SMD optimized to discriminate between
photons and 79 or 7 mesons over the energy region 10 - 40 GeV. The triggering
capabilities and its coverage are crucial for the spin physics program in polarized
p+p collisions. It has the capability to detect photons and electromagnetically

0

decaying mesons (7, n). It consists of preshower and postshower layers used to

discriminate between electrons and hadrons.
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FIGURE 2.6: A schematic diagram of STAR endcap electromagnetic calorimeter
[74].

2.3 Time Projection Chamber

The main tracking detector in STAR is the Time Projection Chamber. It is a gas
detector capable of recording tracks of particles, measuring particle momentum,
and performing particle identification by measuring ionization energy loss (dE/dx)
combined with the measurement of the magnetic rigidity [69]. The TPC covers
a pseudorapidity region |n| < 1.8 with full azimuthal coverage. The TPC is the
primary tracking detector and effectively records tracks of all produced charged
particles. It can measure their momenta in the range 100 MeV /c to 30 GeV /c and
can identify particles in the range 100 MeV/c to ~1 GeV/c by measuring their
ionization energy loss (dE/dx). Figure 2.7 shows the schematic view of STAR
TPC.

It is a 4 meter long cylinder surrounding the beam pipe with inner radius 50
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FIGURE 2.7: A schematic view of the Time Projection Chamber [69].

cm and outer radius 200 cm. The detector volume is filled with P10 gas (10%
methane, 90% argon) held at 2 mbar above atmospheric pressure. This slight
over-pressure is designed to ensure that air does not contaminate the P10 in the
detection volume. The P10 gas has an advantage of fast drift velocity which peaks

at a low electric field.

The TPC is essentially a large cylindrical gas filled detector with a uniform electric
field of ~135 V/cm. As primary ionizing particles pass through the gas in the
detector, their paths are reconstructed via the secondary electrons they release.
The secondary electrons drift in the electric field (defined by the thin conductive
Control Membrane (CM) at the center of the TPC) to the readout endcaps at the
end of the chamber. At both ends of the TPC, the readout system is based on the
Multi Wire Proportional Chambers (MWPC) with readout pads.

Particle Identification using dE/dx

When a charge particle passes through TPC, it loses energy through ionization.
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FIGURE 2.8: The mean specific energy loss, <dE/dx>, of reconstructed tracks
within a pseudorapidity range of |n| < 1 in the TPC (a), and the mass-squared,
m?, as a function of momentum (b). The Bichsel functions used to determine
the niCparticle values are shown in (a) as the dashed curves. The horizontal

dashed lines in (b) correspond to the nominal particle masses of 7, K and p

For a particle, which passing through a medium with density p, and speed 5= v/c,

the mean energy loss is given by:

2022
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Here 7 is the charge of particle, Z is the atomic number of absorber, A is the atomic
mass of absorber, K is the constant (0.307MeV g~'em?) c is the speed of light, m,
is the electron mass, I is the average ionization energy of absorber, T,,,. is the
maximum kinetic energy that can given to a free electron in an interaction, J is the
density correction and 3,y are relativistic variables. Figure 2.8 shows energy loss
as a function of particle momentum in TPC for Au+Au collisions at 39 A GeV.
In this figure the lines show the theoretical predictions from Bichsel function for
different particle species and the band around the lines represents measured value
of dE/dx in data. The Bichsel functions for pions and kaons are well separated upto
0.75 GeV/c and hence they can be distinguished up to momentum 0.75 GeV/c.
Similarly protons and anti-protons are well separated upto 1.1 GeV/c and can be

identified up to momentum 1.1 GeV /c.

2.4 Time-Of-Flight Detector
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FIGURE 2.9: A side view of the short edge of a MRPC module of TOF [71].
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The STAR Time-Of-Flight (TOF) is located just outside the TPC, covering |n| < 1
in pseudorapidity and 27 in azimuth [71]. It extends the direct particle identifica-
tion (PID) capabilities of STAR to higher momenta. The intrinsic time resolution
is less than one hundred picoseconds and it has a high detection efficiency (> 95
%) for minimum ionizing particles. It identifies 7, x and p up to the momentum
~1.8 GeV/c and can separate p from 7 and x up to momentum ~3 GeV/c. It
also identifies electrons above the transverse momentum (pr) 0.2 GeV/c. The ac-
tive detector in the TOF system is a Multigap Resistive Plate Chamber (MRPC)
and these MRPC modules are mounted inside trays as shown in Figure 2.9. The
basic idea of the TOF detector system is to precisely measure the flight time of a
charged particle when traveling between two space points. The start time is deter-
mined by two upgraded pseudo-vertex position detectors (upVPD) and the stop
time is determined by TOF barrel itself. Each upVPD has 19 detector channels of

photomultiplier tubes (PMT) with scintillators and is mounted close to the beam
pipe.

The lower panel of Figure 2.8 shows the m?

vs momentum (measured in TPC)
for charged hadrons emerging from Au-+Au collision at 39 A GeV. In this figure
the pion, kaon and proton bands are clearly visible at low momentum. At higher
values of momentum they start to merge. TOF extends the momentum range in

which the particles can be precisely identified.

2.5 Forward Time Projection Chamber

The Forward Time Projection Chambers (FTPC) were designed to extend the
phase space coverage for detecting charged particles in the STAR experiment [70].
The increased acceptance improves the event characterization at forward pseudo-

rapidity region. They cover the pseudorapidity range of 2.5 < |n| < 4.0 on both
sides of the TPC.

The two FTPCs are situated on both sides of STAR along the beam pipe. The
full two component system measures momenta and production rates of positively
and negatively charged particles as well as neutral strange particles. Each of the

FTPCsis a 120 cm cylindrical structure, 75 cm in diameter with a radial drift field.
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FIGURE 2.10: A schematic diagram of FTPC for the STAR experiment [70].

It has readout chambers located in five rings on the outer cylindrical surface. The
radial drift configuration was chosen to improve the two-track separation in the
region close to the beam pipe where the particle density is highest. The Front End
Electronics (FEE) boards are mounted on the back of the readout chambers. The
ionization electrons drift to the anode sensor wires. The induced signals on the
adjacent cathode surface are read-out by 9600 pads. The FTPC uses a mixture of
Ar and CO2 with a ratio of 50% : 50% by volume. The track points are calculated
from the charge distribution measured by read-out electronics. These track points
are grouped into tracks which together with magnetic field maps, can be used to

get the particle momenta.

2.6 Photon Multiplicity Detector

The Photon Multiplicity Detector (PMD) is installed on east wall of the wide
angle hall in the STAR experiment at distance of 540 cm from the center of the



41

TPC [72]. PMD was completely designed and manufactured in India and was also

installed and maintained by the teams from Indian Universities and Institutes.

FIGURE 2.11: A picture of PMD in STAR experiment

The PMD was designed to measure photon multiplicity in the forward rapidity
region, where the calorimeters are not efficient due to high particle density. It
covers a pseudorapidity region -3.7 < n < -2.3 with full azimuthal angle. It can
detect photons with pr as low as 20 MeV /c. This region has been selected to
minimize the effect of upstream materials and to maximize the overlap with the
coverage of the FTPC. The PMD is a highly segmented preshower detector placed
behind a lead converter plate of 3 radiation length thickness. The detector is based
on a proportional counter design using Ar + C'O, gas mixture in ratio 70:30 by

weight. The choice of this gas mixture is due to its insensitivity to neutrons.
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FIGURE 2.12: (a) Schematic diagrams of a unit cell showing the cross-section
(upper) and other dimensions and the cathode extension (lower). (b) Layout
of STAR PMD. Thick lines show supermodule boundaries. The thin lines show

the unit module boundaries [72].

The PMD consis